The Caco-2 cell line represents absorptive polarized intestinal epithelial cells that express multiple forms of Na 
INTRODUCTION
Polarized intestinal epithelial cells form an interface separating the internal from external environments and maintain homeostasis between intestinal lumen and the body interior. The plasma membranes of polarized epithelial cells are divided into apical and basolateral domains with asymmetric distribution of cytoplasmic organelles by vectorial sorting mechanisms (27). Na + /H + exchange is a major route of Na + absorption in the small intestine and colon (9).
Intestinal epithelial cells express multiple forms of Na + /H + exchangers (NHEs; Slc9a) among which the type 3, NHE3 (Slc9a3), is the primary brush border Na + /H + exchanger. The functions and mechanisms of NHE3 regulation by hormones and growth factors have been investigated since its cloning in the early 1990's using several cell model systems. Among these, PS120
Chinese hamster lung fibroblasts and AP1 Chinese hamster ovarian cells provide an ideal cell system for reductionist's approach to characterize NHEs (26, 28) . However, the non-epithelial origins of PS120 and AP1 cells often led to question the physiological validity of the findings.
Originated from human intestines, T84 and HT29 human colon carcinoma epithelial cell lines are not suitable as these cells represent secretory crypt epithelial cells (5, 6). The Caco-2 human adenocarcinoma cell line on other hand express several brush border enzymes, such as sucrase-isomaltase, alkaline phosphatase, and aminopeptidase, characteristics of the enterocytes lining the small intestinal villi (25). Caco-2 cells build a polarized monolayer and exhibit epithelial cell characteristics, i.e., transepithelial electric resistance (TEER) of ~200
, brush border microvilli, and tight junctions (7). Because of these features, Caco-2 cells have been deployed to study NHE3 regulation; however, Caco-2 cells have several limitations, including a high degree of heterogeneity leading to the non-uniformity in NHE3 activity, low transfection efficiency, and slow rates of cell proliferation (14) . A clonal variant of Caco-2 cells, Caco-2bbe, has been used, but as for Caco-2 cells, the endogenous level of NHE3 in Caco-2bbe cells is either low or undetected, and the usefulness of the Caco-2bbe clone is largely limited to the characterization of transfected NHE3 (20, 21) . Alternatively, rat intestinal epithelial IEC-6 has been used, but these cells primarily express NHE1 and lack the endogenous expression of NHE3 (35). Isolation of alternative intestinal epithelial cells suitable for the characterization of NHE3 has been sluggish due to the difficulties in isolation and long-term propagation of primary intestinal epithelial cells.
The SK-CO15 cell line derived from human adenocarcinoma of the colon develops polarized epithelial cells that form numerous domes on an impermeable support (19). These cells develop high-resistance monolayers with well-defined adhesion and tight junctions (11, 19) . In search of an alternative model system that is more amenable to transfection, we examined the usability of SK-CO15 cells to study NHE3 regulation. In this study, we show that NHE3 is endogenously expressed in the apical membrane of SK-CO15 cells and the activity level of NHE3 in SK-CO15 cells is significantly higher than in Caco-2 cells. The regulation of NHE3 in SK-CO15 cells by selected agonists is consistent with previous reports, demonstrating the practicability of SK-CO15 cells as a suitable epithelial model for characterization of NHE3 regulation.
MATERIALS AND METHODS

Cell culture and treatment: SK-CO15 was a gift from Dr. Rodriguez-Boulan at Weil Medical
College of Cornell University, NY. SK-CO15, Caco-2, and Caco-2bbe cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, penicillin (50 mU/ml), streptomycin (50 µg/ml), 1 mM sodium pyruvate, 15 mM HEPES, and 1X
non-essential amino acids. Caco-2bbe stably expressing NHE3 was previously described (20, 40 For an estimation of transfection efficiency using green fluorescence protein (GFP), cells
were transiently transfected with pEGFP as described above. Cells expressing GFP were viewed under an Eclipse T1 inverted fluorescence microscope (Nikon, Melville, NY) and number of GFP-positive cells was counted using NIS Elements Advanced Research image software (Nikon). The transfection efficiency was expressed as the ratio of number of cells expressing GFP to the total cell number X 100 from more than six fields of vision in each transfection.
Reagents and antibodies:
Polyclonal rabbit anti-NHE3 serum (EM450) was generated at Covance Inc. (Princeton, NJ) against a purified recombinant NHE3 protein corresponding to aa 621-702 of human NHE3. To affinity purify EM450, 1.2 mg of purified NHE3 recombinant protein (aa 621-702) was resolved by 15% SDS-PAGE, followed by transfer onto nitrocellulose membrane. NHE3 protein on the nitrocellulose membrane identified by Ponceau-S stain was excised and washed with PBS buffer containing 0.05% Tween 20 (PBST). EM450 anti-serum diluted 1:20 in 10 ml of PBST was added to the cut membrane and incubated on a shaking platform for 4 h at room temperature. After washing with PBST buffer twice, bound antibodies were eluted with 0.1 M Glycine, pH 2.5, immediately neutralized with 1 M Tris-HCl, pH 8.0, and concentrated using Amicon Ultra-15 filter units (Millipore, Billerica, Ma). Short-hairpin RNA (shRNA) targeting NHE3 was obtained from Sigma (St. Louis, MO). Lysophosphatidic acid (LPA) was purchased from Avanti Polar Lipids (Alabaster, AL) and prepared as described (20) .
All the other chemicals and antibodies were obtained from Sigma (St. Louis, MO) or Cell
Signaling (Boston, MA).
RNA extraction, RT-PCR and quantitative real time RT-PCR (qRT-PCR):
Total RNA from SK-CO15 or Caco-2 cells was isolated using Trizol (Invitrogen, Carlsbad, CA) and 2 µg of RNA was subsequently used to synthesize cDNA using the SuperScript III First Strand Synthesis kit as recommended by manufacturer (Invitrogen). NHE1, NHE2, NHE3, and NHE8 were amplified by using the primer pairs for NHE1 (5'-TGGCCTCCAGCTCAGCCCAA-3' and 5'-AGCGGCTCGATGACCCGGAT-3'), NHE2 (5'-GGCGCGATGCGTTGAGC-3' and 5'-TGTCGCTGAGGCCGAATGCTT-3'), NHE3 (5'-AGAGCGGGGGCTTCCAGGTG-3' and 5'-AAGACCACCCCCACCAGCGT-3'), and NHE8 (5'-GCTGGCATGAGGCCAAGGGG-3' and 5'-GGACCCGGGGCTGTGGAGAT-3'). cDNA was amplified with SYBR Green Supermix (Bio-Rad, Hercules, CA) on Mastercycler Realplex (Eppendorf, Hauppauge, NY). The reaction mix consists of 1 µl of cDNA, 10 µl of SYBR Green Supermix, 0.5 µM of target primers in total volume of 20 µl. Amplification was carried out at 4 min at 95°C for polymerase activation, and 40 cycles of 95°C for 30 s (denaturation), 60°C for 30 s (annealing), and 72°C for 1 min (extension). The amounts of NHE1, NHE2, and NHE3 mRNA were normalized to β-actin.
NHE3 activity:
The Na + -dependent changes in intracellular pH (pH i ) by NHE3 was determined using the ratio-fluorometric, pH-sensitive dye 2',7'-bis-(2-carboxyethyl)-5-carboxyfluorescein acetoxymethyl ester (BCECF-AM) as previously described (34 Methylumbelliferyl phosphate disodium salt (Abcam) substrate was added to each well, incubated for 30 min at 37°C, and stopped by adding 20 µl of STOP solution to each well.
Fluorescence intensity was measured at 360 nm for excitation and 440 nm for emission by using a fluorescence microplate reader (BioTek, Winooski, VT). Enzyme activity was calculated from the angular coefficient of the linear slope obtained from alkaline phosphatase standard (Abcam) solution, and expressed as 4-Methyumbelliferon (4-MU) generated/volume of sample/min (mU/ml). All experiments were independently performed three times in triplicates.
Statistics: Results were presented as means ± standard error (SE). Statistical analyses were performed by Student's t test for paired comparison with P < 0.05 considered significant.
RESULTS
SK-CO15 cells endogenously express NHE1, NHE2 and NHE3: It was reported that SK-CO15
cells lack the expression of sucrase-isomaltase and express villin and alkaline phosphatase at lower levels (19). On the other hand, SK-C015 cells express well-defined apical junctional complexes and form a monolayer with TEER >2000 Ω•cm 2 (19). Hence, we sought to compare the ultrastructure of SK-CO15 and Caco-2 cells. SK-CO15 and Caco-2 cells display typical polarized epithelial cell features with junctional complexes and microvilli ( Figure 1A ). However, the microvilli were less abundant and disordered in SK-CO15 cells compared with Caco-2 cells.
Similarly, the activity of alkaline phosphatase in SK-CO15 cells was significantly lower level (~33%) compared with Caco-2 cells ( Figure 1B ), reflecting less abundant and shortened microvilli in SK-CO15 cells shown in Figure 1A .
One inherent problem of Caco-2 cells is its relative resistance to transfection. We compared Figure 3A) . Consistently, S3226 alone decreased the NHE activity by more than 50%, confirming that NHE3 is a major active NHE in SK-CO15 cells. Since Caco-2 cells have been used as a model intestinal epithelial cell system for NHE3 regulation, we compared the levels of NHE3 activity in Caco-2
and SK-CO15 cells. Figure 4C showed that endogenous NHE3 activity in SK-CO15 cells was more than two-fold greater than Caco-2 cells, although overexpression of NHE3 in Caco-2bbe cells resulted in even greater activity. Moreover, SK-CO15 cells showed markedly more uniform NHE3 activities than Caco-2 cells ( Figure 4D ). Together, these studies suggest that SK-CO15
cells represent a cell model that has greater and more consistent NHE3 activity compared with Caco-2 cells, with an advantage of higher transfection efficiency.
NHE3 is localized on the apical membrane in SK-CO15 cells:
NHE3 is an apical Na cells. Figure 5D shows that SK-CO15 cells expressed both NHERF1 and NHERF2. Interestingly, the expression levels of these NHERF proteins in SK-CO15 and Caco-2 appeared a mirror image, with SK-CO15 cells expressing more NHERF2 but less NHERF1 than Caco-2 cells.
Figures 5E and 5F (left panels) shows the expression of tight junction protein occludin in SK-CO15 cells revealing well defined tight junctions. Confocal immunofluorescence images show that both NHERF1 ( Figure 5E ) and NHERF2 ( Figure 5F ) were primarily expressed on or near the apical membrane, although NHERF2 exhibited diffused intracellular staining. Previously, we showed that LPA acutely stimulates NHE3 activity in Caco-2 cells when LPA 5
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is co-expressed with NHERF2 (20). Similarly to Caco-2 cells (20), SK-CO15 cells expressed LPA 5 at a low level (data not shown) as such LPA showed no effect on NHE3 activity ( Figure   6D ). On the other hand, overexpression of LPA 5 in SK-CO15 cells resulted in a marked stimulation of NHE3 activity in response to LPA, consistent with our previous studies (20, 40).
Unlike Dex and LPA, forskolin that activates adenylate cyclase acutely inhibits NHE3 activity via a mechanism involving NHE3 phosphorylation and NHERF proteins (16, 43). Next, we examined the inhibitory effect of forskolin on NHE3 in SK-CO15 cells. Figure 6E shows that forskolin acutely inhibited NHE3 activity by 24%, indicating the presence of NHE3 inhibitory signaling pathways in SK-CO15 cells. Together our results demonstrate that NHE3 in SK-CO15 cells respond to several agonists and antagonists in manners similar to previous studies using other cell lines of intestinal and non-intestinal origins.
DISCUSSION
The characterization of NHE3 has utilized several cell lines, including fibroblasts, OK, Caco-2, and, to a lesser extent, IEC-6 cells (16, 18, 35, 40, 43) . Of these, the OK cell line shows robust expression of NHE3, but its renal proximal tubule origin limits its application in the study of intestinal NHEs. Caco-2 and its clonal Caco-2bbe cells have been used to represent absorptive intestinal epithelial cells. Certainly, these cells are highly polarized and exhibit many characteristics of small intestinal epithelial cells. Caco-2 cells endogenously express NHE1, 2, and 3, but NHE3 expression is relatively low. Consequently, it is often challenging to identify endogenous NHE3 proteins in these cells by immunoblot or immunofluorescence. The Caco2bbe cell line is reported to have endogenous NHE3 expression and activity (20, 21), but the clonal cell line in our possession does not express NHE3 in a measurable quantity (20, 21).
Searching for an alternative cell line has been largely unsuccessful; several immortalized intestinal cell lines, including IEC-6, MSIE (mouse small intestine epithelium), and YAMC (young adult mouse colon), either lack or express NHE3 at a low level (37) In this study we showed that 1) SK-CO15 cells form a polarized epithelial monolayer with microvilli formation and alkaline phosphatase activity; 2) SK-CO15 cells endogenously express NHE3 at a level significantly greater than in Caco-2 cells; 3) These cells express NHERF1 and NHERF2; 4) SK-CO15 cells are amenable to transfection; 5) The regulation of NHE3 is identical to previous studies on isolated intestinal tissues and Caco-2 cells.
We showed that SK-CO15 cells express the transcripts of NHE1-3 and that, unlike Caco-2 Figure 3A ). Similar to NHE3, NHE8 is localized at the apical membrane (39), but its expression is more abundantly expressed in young animals during the development and evidence supports its role in electrolyte absorption during early postnatal development (2) . In human, NHE8 is ubiquitously expressed but more abundant in the duodenum and ascending colon (15). Caco-2 cells despite its colon carcinoma origin resemble the enterocytes lining the small intestine. On the contrary, the low alkaline phosphatase activity, the formation of tight epithelial layer, and low or absence of NHE8 suggest that SK-CO15 cells exhibits characteristic features of colonocytes. NHE8 is more sensitive to HOE694 than NHE3, inhibited by 10 µM HOE694 but not by 1 µM HOE694 (15). Conversely, NHE8 is less sensitive to S3226 than NHE3. The absence of NHE8 transcript suggests that SK-CO15 cells, in addition to NHE3 studies, could be used as an intestinal epithelial model to characterize acute regulation of NHE8
taking an advantage of differential sensitivity of NHE8 to the NHE specific inhibitors.
In using Caco-2 and Caco-2bbe cells to investigate cellular processes at the molecular levels one major hindrance is the low efficiency of transfection with CaPO 4 or liposomes. To (20, 40) . We showed previously that LPA 5 is abundantly expressed in mouse enterocytes and colonocytes, but its expression is low in Caco-2 cells (20). We found that LPA 5 expression was low in SK-CO15 cells and LPA failed to regulate NHE3 in SK-CO15 cells unless LPA 5 was overexpressed. The low expression levels of LPA 5 in Caco-2 and SK-CO15 cells is interesting, and whether the low expression is related to the cancer cell origin of these cell lines is yet to be determined.
Glucocorticoids are a well-known agonist of NHE3 that stimulates NHE3 activity via multiple mechanisms. The effects of 24-48 h treatment of Dex that increased NHE3 mRNA and protein levels in SK-CO15 cells are consistent with the effects on Caco-2 and rabbit intestine (35, 41, 42) . In addition to the genomic effects, we have shown previously that the effect of glucocorticoids is also dependent on serum-and glucocorticoid-induced kinase 1 (SGK1) that interacts with NHERF2 such that the extent of NHE3 stimulation is significantly blunted in the absence of SGK1 or NHERF2 (8, 41). Although we did not examine the expression of SGK1 in SK-CO15 cells, we assumed SK-CO15 cells to express SGK1 based on the robust effect of Dex on NHE3 activity (2 fold), which would be expected to be markedly diminished in the absence of SGK1.
Inhibition of NHE3 by forskolin or protein kinase A-dependent mechanisms is another example of well-known regulation of NHE3 (16, 43, 44) . Forskolin, which activates adenylate cyclase, inhibits NHE3 activity via multiple pathways involving NHE3 phosphorylation, NHERF proteins, and endocytosis. The absence of NHERF1 ablated cAMP-dependent inhibition of NHE3 in the kidney but not in the intestine (23, 36) . Similarly, the absence of NHERF2 did not affect cAMP-dependent inhibition of NHE3 in the intestine, although Murtazina et al. reported the NHERF2-dependence of NHE3 inhibition by cAMP in mouse intestine (3, 22) . We found that SK-CO15 cells express NHERF2 at a much higher level but less NHERF1 than Caco-2 cells.
Nonetheless, NHE3 in SK-CO15 cells was acutely inhibited by forskolin, further demonstrating the usefulness of these cells in probing the regulatory mechanisms of NHE3.
In summary, we report here that SK-CO15 cells express NHE3 whose regulation is consistent with previous physiological studies. With the high transfection efficiency and the polarized morphology, our studies demonstrate that SK-CO15 cells are an ideal cell model to study NHE3 regulation.
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